Introduction {#sec1-1}
============

Skin pigmentation is a prominent aspect of the human complexion. The major source contributing to brownish skin color is melanin which is produced by melanocytes located in the stratum basale of the epidermis. Melanin is transported through the melanocytic dendrites to 35--40 keratinocytes that are connected to each individual melanocyte.\[[@ref1][@ref2]\] These epidermal melanin units are crucial for pigment distribution within the epidermis. Even minor defects leading to an uneven pigmentation can lead to social stigmatization. Apart from the pigmentation disorders,\[[@ref3]\] changes in the skin color can be socially motivated, fitting a certain beauty ideal. For screening of possible pigmentation-altering drugs, monolayer cultures of melanocytes are commonly used. The necessity to consider the interaction between different cell species during any kind of treatment is well recognized, particularly when the transfer and the distribution of melanin is considered. Rheinwald and Green provided the basis for the development of epidermal equivalents or skin equivalents that could be used for more complex analysis.\[[@ref4]\] The aim of this study was the development of a pigmented organotypic tissue-cultured skin equivalent (TCSE) and verifying the functionality of the pigmentary system by treatment with known effectors of pigmentation. The pigmentation status of the TCSEs was evaluated using two different quantitative methods, namely, melanin extraction and remission photometry.

Materials and Methods {#sec1-2}
=====================
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### Cell isolation and tissue-cultured skin equivalent generation {#sec3-1}

Normal human fibroblasts, keratinocytes, and melanocytes were isolated from infantile foreskins of donors with varying pigmentation status (Fitzpatrick scale II--V). The isolated cells were seeded at a density of 2 × 10^6^ cells/ml in appropriate culture media (keratinocytes: DermaLife K, melanocytes: DermaLife M \[CellSystems, Troisdorf, Germany\] and fibroblasts: Dulbecco\'s modified eagle\'s medium \[Gibco, Karlsruhe, Germany\]) as described.\[[@ref5]\] Fibroblasts were seeded at a cell density of 4 × 10^5^ cells/cm^2^, into bovine collagen type I scaffolds (Henkel, Düsseldorf, Germany), and were cultivated in the aforementioned medium for 14 days. Thereafter, primary melanocytes and keratinocytes were seeded on top of the scaffolds at the same cell density (4 × 10^5^ cells/cm^2^). The equivalents were then further propagated in the specified keratinocyte medium under submerse conditions for 7 days. Epidermal differentiation was induced by transferring the models to the air--liquid interface. All studies were conducted according to the Declaration of Helsinki principles and in agreement with the institutional review board.

### Altering tissue-cultured skin equivalent pigmentation status {#sec3-2}

To modulate pigmentation, TCSEs cultivated at the air--liquid interface were treated for 14 days with medium supplemented with 40 μM forskolin (Sigma-Aldrich, Schnelldorf, Germany) to induce melanogenesis or with 250 μM kojic acid (Sigma-Aldrich) to inhibit tyrosinase, the key enzyme in melanogenesis. TCSEs were exposed to fresh medium every other day. The experiments were repeated with different donors.

### Histological analysis {#sec3-3}

Epidermal architecture was investigated by staining sections with hematoxylin/eosin (Millipore, Schwalbach, Germany), HMB-45 (Linaris, Wertheim-Bettingen, Germany), and anti-human Ki-67 (clone MIB-1, 1:50; DakoCytomation, Hamburg, Germany) according to the manufacturers' protocols. Photographs were taken with a digital camera (Sony Cyber-shot 3.3, Sony, Cologne, Germany) connected to a Zeiss Axioskop (Zeiss, Oberkochen, Germany).

### Evaluation of the pigmentation status {#sec3-4}

Shifts in pigmentation of TCSEs after 14 days in presence of forskolin or kojic acid or without treatment were evaluated by reflectance colorimetric analysis.\[[@ref6]\] Light reflection of the TCSEs using 660nm and 880nm emitting diodes was measured with the SPA 99 (CK electronic, Cologne, Germany; non-invasive). Additionally the relative melanin content after KOH extraction and extinction measurement at 400nm against a melanin standard curve was determined as described.\[[@ref7]\]

### Presentation of data and statistical analysis {#sec3-5}

All data were presented as mean values ± standard deviation. Statistical significance of the data was evaluated by the Wilcoxon-Mann--Whitney U-test (BIAS, Frankfurt, Germany). Each set of data was related to the referring untreated control. Differences were considered statistically significant at P≤0.05.

Results {#sec1-3}
=======
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### Morphological criteria of the TCSE {#sec3-6}

The morphological and immunohistochemical properties of normal human skin \[Figure [1a](#F1){ref-type="fig"}, [c](#F1){ref-type="fig"} and [e](#F1){ref-type="fig"}\] and the herein-presented TCSE \[Figure [1b](#F1){ref-type="fig"}, [d](#F1){ref-type="fig"} and [f](#F1){ref-type="fig"}\] are comparable. The epidermal part was fully differentiated featuring all characteristic epidermal cell layers and selected differentiation- and proliferation-specific markers at physiological locations and allowed apart from the systemic treatment also topical application of substances. In both tissues proliferative, Ki-67 positive cells \[Figure [1c](#F1){ref-type="fig"} and [d](#F1){ref-type="fig"}\] could only be identified in the stratum basale. Immunohistochemical staining against Pmel17/gp100 using HMB45 \[Figure [1e](#F1){ref-type="fig"} and [f](#F1){ref-type="fig"}\] revealed that melanocytes were exclusively found in the stratum basale of human skin and TCSEs. Melanocytes were evenly scattered in the stratum basale of the TCSE, and melanin was clearly identifiable in the different epidermal layers \[[Figure 1f](#F1){ref-type="fig"}, yellow arrows\].

![The epidermal structure of the tissue-cultured skin equivalent corresponds to human skin. Sections prepared from the native human skin (a, c and f) and tissue-cultured skin equivalents (b, d and f) were similar. H/E (a and b); Ki-67 (c and d); HMB-45 (e and f)](IJD-64-85-g001){#F1}

### Evaluation of the pigmentation status of the TCSEs {#sec3-7}

The pigmentation status was on the one hand by total melanin extraction and on the other hand spectrophotometrically determined. Pigmentation in kojic acid-treated TCSEs was 11% (melanin extraction, dotted bars) to 20% (spectrophotometric, striped bars) lower than the respective untreated controls, whereas a treatment with 40 μM forskolin increased the melanin content by 20% (melanin extraction) to 50% (spectrophotometric) \[[Figure 2](#F2){ref-type="fig"}\].

![Tissue-cultured skin equivalents are suitable to monitor pigmentation. Evaluation of the pigmentation either with a pigment station (spectrophotometrical analysis, striped bars) or by measuring the relative melanin content (dotted bars) is shown](IJD-64-85-g002){#F2}

Discussion {#sec1-4}
==========

Skin equivalents are popular in cosmetic and pharmaceutical research,\[[@ref5][@ref8][@ref9][@ref10][@ref11][@ref12]\] but are also used in the treatment of skin defects.\[[@ref13][@ref14][@ref15]\] Supplementation with externally added growth factors could be limited due to the synergistic relation (e.g., internutrition) between fibroblasts, keratinocytes, and melanocytes.\[[@ref16]\] In recent years, investigations showed that fibroblasts and fibroblast-secreted growth factors were important modulators for melanogenesis;\[[@ref17][@ref18]\] therefore, skin equivalents featuring physiological dermal structures fitted closer to the *in vivo* situation than epidermal equivalents. The herein-introduced model consisted of dermal and epidermal cells cultured in a collagen matrix. The comparability concerning morphological and immunohistochemical properties of normal human skin and the herein-presented TCSE was not limited to the differentiation status as previously shown.\[[@ref5][@ref14][@ref15]\] The exclusive localization in the stratum basale as well as the evenly scattering of the seeded melanocytes in a ration that was very similar to bona fide skin could be assumed to be caused by the cell-specific ability of self-assembly of complex tissues.\[[@ref19]\] Furthermore, we showed the presence of functional epidermal melanin units,\[[@ref1][@ref20]\] by detection of melanocytic dendrites that originated in the stratum basale reaching the upper epidermal layers. Normal human interfollicular skin harbors melanocytes producing melanin appearing as brownish and sometimes reddish complexion. This complexion was clearly visible not only macroscopically but also in the hematoxylin-eosin and immunohistochemical stains. Validation of our pigmented TCSEs after exposure to well-described pigmentation-influencing agents\[[@ref20][@ref21]\] revealed that already visible distinction between the hyper- and depigmentation-inducing agents was possible. To substantiate these observations spectrophotometry is widely used\[[@ref6][@ref22][@ref23]\] in human studies when noninvasive approaches are required-and total melanin extraction is applicable for *in vitro* studies or punch biopsies.\[[@ref7][@ref24][@ref25]\] Comparison of both measuring methods showed comparable results and therefore substantiated the applicability of our TCSE for pigmentation analysis. In contrast to other pigmented skin equivalents, our TCSE was already able to detect pigmentation changes after treatment with 250 μM kojic acid, whereas in literature and in the application notes of commercial skin equivalent distributors, concentrations of 250 μM to 140 mM were used poststimulation, e.g., by α-MSH.\[[@ref26][@ref27][@ref28]\]

Conclusion {#sec1-5}
==========

We showed morphological and physiological homologies of the herein-presented TCSE to normal human skin and the comparability of an invasive and a noninvasive method to quantitate pigmentation. The herein-introduced skin model allowed studying the interaction between different skin cell species under physiological conditions with particular regard to pigmentation disorder, such as, melasma, vitiligo, or postinflammatory hyperpigmentation. On the one hand, potential disease triggers, for example, of cytokines in case of postinflammatory hyperpigmentation, could be evaluated as a single active agent/component as well as in variable combinations, and on the other hand, therapeutic strategies could also be investigated with such TCSEs. Furthermore, modifications of the expression of alleged target genes are a step to obtain an individualizable *in vitro* disease model. This TCSE shows potential to bridge the gap between the monolayer studies and *in vivo* studies. Besides basic research, this model also allows testing the efficacy of new agents in the aforementioned clinical conditions.
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